rapid movements that set the pectoral girdle into resonance, is caused by a slip-stick mechanism.
3
by ridges on the dorsal process rubbing against a rough but featureless lower binding surface of the cleithral channel during a forward sweep of the pectoral spine (Figs. 1, 2). Distress calls are induced by this mechanism when a human grabs a channel catfish (Fine et al. 1997) , and stridulation has been observed when channel catfish are held tail-first in the mouth of a largemouth bass (Bosher et al. 2006) . Binding and locking increase the effective width of the fish (width more than doubles in small juveniles) and complicate consumption by gape-limited predators (Bosher et al. 2006; Sismour et al. 2013; Fine et al. 2014) . A Channel catfish with clipped spines is three times more likely to be consumed by largemouth bass than intact individuals in an experimental study (Bosher et al. 2006) , and largemouth bass avoid eating channel catfish in favor of bluegill and goldfish in a choice situation (Sismour et al. 2013) .
Numerous catfish species produce stridulatory sounds during abduction and a smaller number by abduction and adduction (Ladich 1997; Heyd and Pfeiffer 2000; Kaatz et al. 2010; Lechner et al. 2010; Parmentier et al. 2010) . Channel catfish exclusively abduct the spine for sound production although one sound out of 256 that were videotaped occurred during adduction (Fine et al. 1996) , suggesting that differences in abduction and adduction patterns stem from neural programs driving sound production rather than mechanical limitations.
In channel catfish, the lower surface of the dorsal process has a ribbed profile that rubs against a rough but featureless surface in a channel in the cleithrum (Fine et al. 1997) . Based on crickets with colliding teeth on a plectrum and a file (Bennett-Clark 1989), we expected complimentary Fig. 1 Diagrammatic drawing of the lateral surface of the cleithrum (Cl) illustrating the position of the pectoral spine (PS) of a blue catfish. Sounds are produced after silent retraction (adduction) of the pectoral spine followed by abduction (forward arrow) when ridges on the dorsal process (DP) are depressed contacting the rubbing surface of the cleithrum to produce a series of pulses. The contact surface is internal and not visible from the outside Fig. 2 Scanning electron micrographs of the pectoral spine and rubbing surfaces involved in catfish stridulation in a channel catfish. a Dorsal view of the left pectoral spine. Proximal to the right and anterior toward the top. Three processes on the spine base are visible on the right. The dorsal process points upward, the anterior process points to the right and the ventral process is below. b Ventrolateral surface of the dorsal process (not visible in a) contains a series of ridges that rub against the lower surface of a channel in the cleithrum during abduction of the pectoral spine. c Rubbing surface of the channel. Inset is a close-up view of the rubbing surface illustrating its rough but featureless surface. Scale bar 1 mm in a, 0.5 mm in b, 0.68 mm in c and 50 µm in inset. Modified from Fine et al. (1997) features on the cleithral-rubbing surface (a fingernail against a comb rather than a surface with ridges on a rough sidewalk). We considered the possibility that sound pulses were stimulated by contact of a single ridge on the dorsal process with the cleithrum, but there did not appear to be sufficient time to raise and lower the process between contacts (Fine et al. 1997) . Thus, the actual mechanism of pulse generation was unclear. Using high-speed photography (500-1,250 frames/s), Parmentier et al. (2010) photographed spine movement during stridulation in multiple species of African synodontid catfishes and found individual sound pulses within a series corresponded with small rapid "jerk" movements of the spine. They used the analogy of a brake shoe pressing against a wheel to explain sound production. Sounds are not produced in species without ridges on the dorsal process Parmentier et al. 2010) . Patek (2001 Patek ( , 2002 determined that sound production in spiny lobsters was caused by a slip-stick mechanism analogous to bowing in a stringed instrument: the bow sticks to the string until the force exceeds static friction setting the string and instrument into vibration. A slip-stick mechanism would include stationary periods followed by short duration movements that excite the radiator into vibration. In this study, we used high-speed videography to test a slip-stick mechanism and to quantify movement in relation to sound production in the blue catfish Ictalurus furcatus. The blue catfish are large invasive species in Chesapeake Bay estuaries that can grow to over 45 kg (Greenlee and Lim 2011; Schlosser et al. 2011 ).
Materials and methods
Twenty blue catfish (I. furcatus), ranging from 12.5 to 52.5 cm in total length and 11.6 to 1,327 g were collected by electroshocking (VADGIF permit number 0444631) from the tidal freshwater James River near the Virginia Commonwealth University Rice Center. Fish were brought to the lab and allowed to recover in freshwater for 48-72 h prior to recording. To induce sound production, catfish were held in a horizontal position in air by gripping the body behind the pectoral fins. A dorsal view of one pectoral spine and the head, illuminated by a flood light, was recorded with a high-speed camera above the fish. A microphone was placed 12 cm in front of the head, and times were corrected for a 0.4-ms delay for sound to reach the microphone in air.
The video camera (Fastcam PCI R-2, Photron, San Diego, CA, USA) was synchronized with sound through a trigger box (NI BNC-2110, National Instruments, Austin, TX, USA). Images were captured at 1,000 or 2,000 frames/s. Later recordings utilized 2,000 fps, providing better resolution (0.5 ms) for measuring fine details of movement. Sound was recorded with a microphone (SHURE SM48 or Sony F-VX50, frequency response 55 Hz to 14 kHz) at 40,000 samples/s. The microphone was connected to a preamp (ART Tube MP Studio Mic Preamp) and an amplifier (A-M Systems, Pullman, WA, USA). Initial recordings used a home-made circuit for the preamplifier. Sound amplitude varied across recordings due to the fish and equipment, and sound amplitude was not calibrated. However, voltage was used to compare amplitude of stridulation pulses within a series produced within individual fin sweeps, allowing comparison of pectoral motion with sound amplitude. Video and sound were recorded and analyzed using PhoMoTo version 1.3.0.4 software on a PC, and sound peak-to-peak amplitude and power spectra (Hamming window) were measured using the BioPac System (AcqKnowledge Software, version 3.7.3, Goleta, CA, USA). Camera speed was confirmed by connecting the synch out port of the camera to an oscilloscope, and relative synchronization of the audio and video outputs was determined by filming the collision of the metal tip of a miniature modal analysis hammer (PCB Piezotronics, Depew, NY, USA) against a metal air table. Within the 0.5 ms resolution of the camera the outputs were synchronized.
Spine motion and its relationship to sound were determined with frame-by-frame analysis (0.5 or 1 ms/frame). Angular rotation and duration of complete fin sweeps (both abduction and adduction), and duration and angular rotation of small micro-movements (jerks) were measured. We also measured inter-jerk interval (the time from the beginning of one jerk to the next) and pause duration (time when the spine was stationary). These two measurements are similar but not identical since the interval includes the movement and the pause. Percent of time in motion was determined by adding up the jerks and dividing by sweep duration. To measure spine angle for determining rotation, we placed an x-y coordinate point on the tip of the spine and measured the angle between the spine base and the lateral tip of the fish's eye. Higher speed videos (2,000 fps) were used for micro-measurements resulting in different sample sizes in the study, i.e., there were more measurements of sweep duration and rotation since they were measured at both camera speeds.
Statistical analyses were performed using GraphPad PRISM 5.0. Measurements were averaged for each fish, and individuals were treated as an n of 1. Paired t tests were used to compare angular rotation and duration of pectoral sweeps (adduction and abduction) within individual fish, and unpaired t tests were used to compare differences between pulsers and sliders (see below). Because of subsampling for frame-by-frame analysis and utilization of images taken at different rates, degrees of freedom vary in different analyses. We used linear regression analysis to determine relatedness of variables.
Results

Motion
Blue catfish produced stridulation sounds during abduction, i.e., forward sweeps of the pectoral spine (Figs. 3, 4, 5) . Durations of the abduction movement and the series of sounds produced were similar (Fig. 6 , paired t 10 = 0.3427, p = 0.739) but not identical since the spine can move without producing sound, and the girdle can vibrate after pectoral motion stops. Since the default position of the pectoral fins was a forward, somewhat abducted position, stridulation required the fish to adduct (retract) its pectoral fin immediately prior to forward stridulatory motion. Amplitude and patterning of pulses within a sweep were variable (Figs. 3, 4) . Pulses produced by an individual tended to have similar waveforms although waveforms varied across individuals (Figs. 3, 4) . Most fish, designated as pulsers (Online Resource 1), produced a series of sound pulses ( Fig. 3 ), but a smaller number of fish (sliders) started with pulses (Online Resource 2), but then produced longer movements (slides) and sound, sometimes alternating with pulses (Fig. 4) . The number and duration of slide components were variable although slides tended to occur during the middle of the sweep.
Total spine rotation was similar in adduction and abduction for both pulsers and sliders (Fig. 7a, c) . Pulser rotation averaged 24.7° ± 1.4° (SE) for adduction and 29.0° ± 2.4° for abduction (paired t 10 = 1.845, p = 0.0948). Slider rotation averaged 19.9° ± 4.2° for adduction and 23.5° ± 4.7° for abduction (paired t 5 = 1.250, p = 0.2667).
Abductions that produced sound took three to four times longer than preceding adductions (Fig. 7b, d ) and varied more than for adduction (larger standard errors). Pulser adductions and abductions averaged 39.6 ± 3.2 and 171.8 ± 21.1 ms, respectively (paired t 11 = 7.026, p < 0.0001). Slider adductions and abductions averaged 54.4 ± 2.5 and 144.8 ± 22.2 ms (paired t 5 = 4.130, p = 0.0091). Slider and pulser abduction durations were similar (unpaired t 16 = 0.794, p = 0.4384), but preceding adductions for pulsers were shorter than for sliders (t 16 = 3.035, p = 0.0079).
Sound generation
Stridulation sweeps were caused by a series of short rapid jerk movements (Fig. 3) (Parmentier et al. 2010) . Movement generated a weak sound that increased in amplitude following termination of the jerk. In the example shown (Fig. 3b) , the amplitude increased over 9 dB (peak to peak-calculated from linear units) above that during movement. The sound then decayed exponentially before the next jerk. Differences between Figs. 3 and 4 illustrate differences in pulse waveform between individuals. Figure 5a provides an expanded view of the first pulse and slide in Fig. 4 . Note the initial pulse had shorter periods (i.e., higher fundamental frequency) before the transition to the slide component (horizontal bar). The slide component had a repeating waveform with longer periods, and it revealed a harmonic series with a fundamental frequency of about 664 Hz (Fig. 5c ). The pulsed component was The arrows indicate when the pectoral spine movement started and stopped for the three pulses. Note that the high-amplitude component of the pulse was produced after spine motion stopped Fig. 4 Oscillogram of a representative slider sound produced a by pectoral abduction sweep in a blue catfish. The slider sound starts with a pulse, continues with a long duration continuous movement (slide) before ending with two pulses more transient with a higher peak frequency (1,015 Hz) comprised of forcing (from the jerk) and harmonics of the natural frequency of the pectoral girdle (Fig. 5b) . The second harmonic of the slide component (1,308 Hz) was missing from the pulse suggesting interference by the driving frequency. However, the remaining peaks from the slide spectrum were present in the pulse spectrum (first harmonic at 664 Hz appears as a shoulder before the 1,015 Hz peak, and the third, fourth and fifth harmonics are present in both spectra although they were more sharp in the slide spectrum). The interval between jerks was highly variable in pulsers (Fig. 8) although there was a tendency to slow down (decreased pulse repetition rate) as the call progressed. In many individuals this slow-down was accentuated toward the end of the sweep (Fig. 8a-c, f, g ), but in others (Fig. 8d , e, h) it occurred earlier and was followed by an increased repetition rate. Peak-to-peak amplitude within a sweep varied from two-to sixfold (linear units) and was generally lowest in the beginning and end of a sweep and highest, albeit with varying patterns, in the middle (Fig. 9a) . Pause duration (Fig. 9b ) mirrored inter-jerk interval (compare with Fig. 8c for the same individual), but jerk duration and jerk rotation exhibited no systematic patterns during a sweep (Fig. 9c, d ). Inter-jerk interval, the sum of jerk and pause duration exhibited no relationship to jerk duration but an almost perfect correlation with pause duration (Fig. 10) : r 2 values varied from 0.97 to 1 across individuals. In ten pulsers, jerk durations varied between 1 and 2 ms; the mode of pause durations was 5 ms with successively fewer at longer times to over 30 ms. Angular rotation peaked at 3° and ranged between 1° and 5° (Fig. 11) .
In pulsers, jerks averaged 1.4 ± 0.1 ms compared to 10.3 ± 1.5 ms for pauses (paired t 9 = 6.040, p = 0.0002), but the difference was not significant in sliders (jerk 15.5 ± 2.9 ms, pause 27.3 ± 5.4 ms, paired t 5 = 1.668, p = 0.1562, Fig. 12a, c) . Pulsers had over three times as many jerks as sliders (pulsers 13.5 ± 1.0; sliders 4.1 ± 0.5; unpaired t 18 = 5.792, p < 0.0001, Fig. 12b ). Although continuous to the human eye, spines were in motion during only 14.1 ± 2.2 % of the stridulatory sweep in pulsers and 45.0 ± 7.0 % in sliders (t 14 = 5.182, p = 0.0001, Fig. 12d ). Variables that could potentially affect sound amplitude would be movement of the dorsal process across the cleithrum measured as angular rotation, duration of movement or angular velocity in degrees per ms, and the force of the dorsal process rubbing against the cleithrum, which cannot be observed directly with the camera. We present two contrasting examples of amplitude variation during a sound sweep (Fig. 13) . In the first example, sound increased in amplitude until the last five pulses that decreased consistently (Fig. 13a) . In the second example (Fig. 13e) , amplitude increased approximately threefold from the second to the third pulse and then remained relatively constant. In both cases, angular velocity did not relate to sound amplitude (Fig. 13b, f) . Similarly, angular rotation or jerk duration was not predictive (data not shown). We tested pause duration as a potential surrogate for force of the dorsal process against the cleithrum. Note in both instances (Fig. 13c, g ) the pause increased consistently, albeit faster in c than g, to a peak before the last five points in Fig. 13c and the last three points in Fig. 13g . These final points (Fig. 13d, h ) used different symbols (open circles) compared to earlier points (closed circles). For the first sound sweep (Fig. 13d) , there was a strong correlation of pause duration with sound amplitude to the plateau, after which there was a significant negative correlation. In the second sweep, there was a strong increase in amplitude following the first pause after which amplitude remained relatively constant during the sound sweep with both aspects supporting our thesis that a longer pause indicates greater force applied to the cleithrum. Results from other fish were similar.
Discussion
Fish sounds are produced by numerous mechanisms, many of which have evolved independently (Ladich and Fine 2006; Mok et al. 2011) . Most mechanisms involve extrinsic or intrinsic sonic muscles that vibrate the swim bladder. These muscles are among the fastest in vertebrates (Tavolga 1971; Fine et al. 2001 ) although slow muscles that stretch the bladder and produce sounds by bladder recoil have recently been discovered (Parmentier et al. 2006) . A number of fish species also produce sound by different stridulatory mechanisms, the rubbing of bony elements, including snapping neck vertebrae in pipefishes (Colson et al. 1998) , collisions of pharyngeal teeth in numerous species (Burkenroad 1931) , collisions of front teeth in damselfish (Parmentier et al. 2007) or snapping two hypertrophied tendons over pectoral spine rays in croaking gouramis (Ladich and Fine 1992) . The most common stridulatory mechanism occurs in catfishes (Fine and Ladich 2003) , and the current study follows up work in synodontid catfishes (Parmentier et al. 2010 ) and quantifies details of stridulatory sound generation in the blue catfish in greater detail.
Pectoral spine motion for stridulation Fish pulsatile calls have been separated based on the pattern of pulse repetition into fixed-and variable-interval calls (Winn 1964) . Blue catfish stridulation pulses are highly variable both in terms of stridulatory sound sweeps and the patterning and amplitude of pulses within sweeps. This variability is illustrated vividly by the difference in pulser and slider Such flexibility is logical considering the fine control necessary for pectoral movements in hovering, breaking and turning. Blue catfish (this study) and the congeneric channel catfish I. punctatus (Fine et al. 1996 (Fine et al. , 1997 both stridulate exclusively during abduction, as do many but not all catfishes (Ladich 1997; Heyd and Pfeiffer 2000; Kaatz et al. 2010; Lechner et al. 2010; Tellechea et al. 2011) . Channel catfish tend to keep their pectoral fins fully adducted when not using them for specialized functions (Bosher et al. 2006) and are thus in position to produce immediate stridulatory motions. Blue catfish, however, maintain their pectoral fins in a more forward position when swimming slowly or resting on the bottom and therefore first adduct their spines in order to stridulate. Fin position therefore appears to be a tradeoff in this species because blue catfish spines are in a more ready position for binding, locking and hovering but require a longer more complex movement before stridulation. We also note a major difference in swim bladder morphology: channel catfish swim bladders have a single chamber, whereas blue catfish have a double-chambered bladder (personal observation). We suggest that these behavioral and morphological character differences indicate a genetic separation between the two congeneric species. Stridulatory abduction duration approximates the duration of the series of pulses produced by a fin sweep. The angular rotation of the spine is relatively symmetrical, i.e., similar rotations for both abduction and adduction. However, sonic abductions are three to four times longer than preceding adductions. Although continuous to the human eye, longer abduction times result from the spine not moving during most of the abduction period. As in synodontid catfishes (Parmentier et al. 2010) , micro-movements (jerks) are responsible for generating pulses within a pectoral sweep. Although jerk rotation in pulsers is relatively consistent, pulse amplitude and patterning are extremely variable, and the temporal properties of the call are determined primarily by pauses. In pulsers, motion occurs for only about 14 % of spine rotation time. Slider sounds indicate additional variability since the movement components are extended beyond the 1-2 ms rotations of 2°-3° responsible for most pulses, and movement averages about 45 % of abduction time. Since camera frames repeated at 0.5 ms intervals, there is a potential error of 0.5 ms in timing and rotation movements. Therefore, a jerk measured at 1.0 ms could potentially vary from 0.5 to 1.5 ms. This error is large on a percentage basis, but we suggest that our values are a reasonable approximation and do not compromise the findings of the study.
Relationship of motion to pulse generation A slip-stick mechanism has been demonstrated in spiny lobsters (Patek 2001 (Patek , 2002 , and this study provides the first demonstration of such a mechanism in a vertebrate. In channel catfish, ridges on the dorsal process rub against the cleithrum, exciting the pectoral girdle into vibration (Fine et al. 1997) . The current study demonstrates that quick 1-2 ms rotation movements (jerks) over 2°-3° generate a low-amplitude sound waveform and that the amplitude increases substantially after movement stops. Amplitude then decays exponentially, and the sound terminates before the next jerk in pulsers. When a cymbal is struck, sound travels to the edge and is reflected back generating constructive reinforcement and an increase in amplitude before decaying (Schedin et al. 1998) . Similarly, we suggest that spine rotation (the jerk) excites the girdle and reflections at natural vibration modes of the pectoral girdle increase in amplitude and then die out.
Blue catfish sound pulses generated in air are highly variable in duration averaging 5.2 ± 2.4 ms and ranging from 1 to 15 ms (Ghahramani et al. 2014) , which is relatively similar to values (7.4 ms) in channel catfish (Fine et al. 1997 ) but longer than pulses in synodontids (1-2.4 ms) (Parmentier et al. 2010) . The difference likely has several causes related to a combination of fish size, morphology of the stridulatory surfaces, resonance of the pectoral girdle, and the protocol for pulse measurement. The synodontids were considerably smaller than the blue catfish used in this study. Therefore, blue catfish would have considerably more massive spines and girdles (Duvall 2007; Fine et al. 2014) , which would affect amplitude and damping of stridulation pulses. In addition, synodontids also have sharp profiles on the dorsal process ridges Parmentier et al. 2010 ) compared to channel catfish, which actually wear down their ridges in larger individuals (Fine et al. 1999) . Finally, Parmentier et al. measured pulse duration to the end of the second high-amplitude positive peak, but there are subsequent low-amplitude wave cycles that may indicate longer albeit weak girdle vibration in their Fig. 2 that could reduce the disparity in pulse duration. More needs to be understood about the relationships of morphology to sound generation in various catfish taxa.
Catfishes produce sounds when grabbed by predators (Bosher et al. 2006 ) as well as humans in air and underwater, and James River blue catfish have both aerial (eagles and ospreys) and aquatic predators (Duvall 2007) . The sounds are produced by an internal shoulder joint that will work equivalently in both media, and prior work on Atlantic croaker in which the same individuals were recorded in air and water demonstrated that despite changes in acoustic loading, there was a basic similarity in sound parameters. They had identical peak frequencies but changes in quality factor Q (sharpness of tuning) and signal damping (Fine et al. 2004) . Recording in air in this study and by Parmentier et al. (2010) therefore should not affect major findings of the study and avoid problems of small-tank acoustics including tank resonance and out-of-phase reflections that can change signal parameters (Akamatsu et al. 2002; Parmentier et al. 2014) .
The pulse spectrum appears to reflect a combination of the natural modes of the pectoral girdle interacting with the forced response stimulated by the dorsal process rubbing against the cleithrum. Modes are harmonically related in sliders during periods when the girdle is stimulated continuously. In pulsers however, the rapid onset of a jerk excites the girdle to vibrate more explosively with a higher peak frequency that occurs between the first and second mode in the slide spectrum. By the fourth and fifth harmonic band in the slide, the pulse spectrum becomes increasingly similar suggesting frequencies are determined by inherent properties of the radiator.
Two factors could potentially affect amplitude of sound pulses within individual abduction sweeps: a parameter related to movement of the spine and the force of the dorsal process ridges against the cleithrum, both of which may change during spine rotation. Photography can provide a measure of movement but cannot determine ridge force directly. However, movement parameters (degrees of rotation, movement time and movement velocity) do not predict pulse amplitude. Excluding the final pulses in a stridulation sweep, the pause duration between pulses, although indirect, provides surprisingly excellent prediction of pulse amplitude. Sound produced by a slip-stick mechanism requires the movement force to exceed static friction. In this case, contraction by the arrector ventralis provides the stick force (Parmentier et al. 2010; Miano et al. 2013 ), and we hypothesize that longer pauses allow increased force to build up and therefore produce higher amplitude sounds. This relationship breaks down toward the end of a sweep for reasons that are not clear. Pectoral spine muscles in blue catfish have complex pennation patterns (Miano et al. 2013 ) that likely affect force generation and movement at different stages of a contraction (Azizi et al. 2008) .
